Abstract Kapur (Dryobalanops sp.) and Japanese larch (Larix kaempferi) wood samples were heat-treated in air at 180°C for 24 and 48 h. Leaching and toxicity tests were conducted to determine the ecotoxicity effect of these heattreated woods on the aquatic environment due to heat treatment. The toxicity of conventional preservative-treated woods, i.e. chromated copper arsenate (CCA) and ammoniacal copper quat (ACQ), was also determined for comparison purposes. Acute toxicity tests were performed using two aquatic organisms, Daphnia magna and Vibrio fischeri according to the Organization for Economic Cooperation and Development standard procedures and Microtox assay, respectively. Significantly low toxicity to D. magna was found for the heat-treated Kapur compared to that of untreated Kapur, while heat-treated Japanese larch did not show any toxicity effect. As expected, ACQtreated samples showed the highest toxicity to D. magna, followed by that of CCA, though toxicity of both preservative-treated woods further reduced over time. Hence, heat treatment of Kapur and Japanese larch were believed to be not harmful to the aquatic ecosystem.
Introduction
The use of preservative-treated wood has been phased out for residential and aquatic applications due to its potentially adverse effects on humans and causing environmental contamination. Some ecotoxicological studies on wood treated with conventional preservatives including chromated copper arsenate (CCA) and CCA alternatives such as alkaline copper quats (ACQ) were carried out in the late 1990s-2000s, which later proved that the leachable compounds from the treated wood in-service were toxic to aquatic and soil organisms (Weis and Weis 1999; Turpeinen et al. 2004) . Today, alternatives to conventional preservation methods, marketed as ''environmentally friendly'' or ''nontoxic'', are emerging. Example of such alternatives is heat treatment of wood at high temperatures.
Heat treatment, a chemical-free treatment method, was claimed to produce leachates containing some components which might pose a threat to the environment (Kamdem et al. 2000; Lande et al. 2004; Dubey et al. 2005; Stook et al. 2005; De Vetter et al. 2008 , 2009 ). This is because as wood is exposed to heat, chemical components of wood change and may generate or produce new chemical compounds that are harmful to humans or the environment (Kamdem et al. 2002; Esteves et al. 2011) . These compounds could be generated especially from the extractives, aromatic compounds and other volatile organic compounds that may leach out and constitute a potential risk to sensitive areas such as aquatic environment. However, some researchers did not agree with this fact because heat treatment only involves chemicals that are derived from the reaction of wood itself (Hill 2006; Esteves et al. 2011) .
In addition, some wood species possess abundant natural toxic compound from wood extractives that may leach out and harm the environment (De Vetter et al. 2008) . In this regard, heat treatment that could reduce the wood extractives (Esteves et al. 2008) or immobilise some of their extractives (Nuopponen et al. 2003 ) might be useful in reducing the leachability and ecotoxicity of these woods. However, to date, the study on toxicity characterization of heat-treated wood in-service which leached out to the ecosystem has been insufficient as yet. Hence, it is necessary to investigate the ecotoxicology of heat-treated wood to predict the relative impact of chemical components leached out from the wood products used in aquatic applications such as docks, piers and pilings. Consequently, the objective of this study was to determine the ecotoxicity of heat-treated woods and to compare it with that of CCA and ACQ-treated woods using Daphnia magna and Vibrio fischeri.
Materials and methods

Sample preparation
Heartwood of Kapur (Dryobalanops sp.) and Japanese larch (Larix kaempferi) with dimensions of 25 mm by 25 mm in cross section and 410 mm in length were heattreated in a convection oven using hot air at 180°C for 24 and 48 h. The CCA Type C (CCA-C) and ACQ Type D (ACQ-D) treated radiata pine (Pinus radiata) blocks (25 mm cubes) were prepared in order to compare the ecotoxicity of heat-treated wood with that of the preservative-treated wood. Air-dried sapwood blocks were vacuum-treated with 0.9 % CCA-C (approximately 47.5 % CrO 3 , 34.0 % As 2 O 5 and 18.5 % CuO) solution and 2.4 % ACQ-D (approximately 66.7 % CuO and 33.3 % DDAC), giving an average in-service retention of approximately 4.0 and 2.4 kg m -3 , which are the minimum retention requirements of CCA-C and ACQ-D in aboveground application in accordance with AWPA U1-11 (2011) . Test blocks of 25 mm 3 were cut from the wood samples for leaching test.
Leaching procedure
The leaching was performed according to EN 84 (1997) with some modifications. Two test blocks were immersed and leached in a glass jar with 165 mL of deionized water (the volume was calculated by using the water-to-wood ratio specified in EN 84 standard method) for 14 days. Five replications were prepared for each treatment. Untreated samples served as control. The leaching water was changed after 1, 2, 3, 4, 5, 7, 9, 11, 13 and 14 days. The leachate samples of 1 and 14 days were retained for toxicity evaluation. Meanwhile, the leachate from preservative-treated wood samples was analyzed using inductively coupled plasma-optical emission spectrometer (ICP-OES, Model 730 Series, Agilent, USA) to determine their metal components. The total leaching was finally expressed as the percentage loss of each CCA and ACQ component relative to the amount initially retained in the treated samples.
Toxicity test
The leachate was further used for evaluating the effect of toxicity on the freshwater and soil environment. For the evaluation of freshwater and soil toxicity, acute toxicity test was conducted according to the Detoxification assay (OECD 2004) and Microtox assay (Perez et al. 2012 ) using D. magna and V. fischeri, respectively.
Detoxification assay
This test was evaluated by using the freshwater Crustacean D. magna according to the Organization for Economic Cooperation and Development standard procedures (OECD 2004) with neonates of D. magna (less than 24 h old). Ten mL each of five dilutions leachate samples (50, 25, 12.5, 6 .25 and 3.125 %) and one control were prepared with four replications. Five neonates were added in each vessel. The test was conducted at 20 ± 2°C for 48 h with 16 h of light and 8 h of dark photoperiods. The organisms were not fed during the test. After 24 and 48 h of exposure, the inhibitions of mobility of the daphnids were recorded. The derived concentration at which 50 % of the neonates became immobile (EC 50 ) was calculated using the Trimmed Spearman-Karber method (Hamilton et al. 1977; USEPA 2006) . These results were then transformed into toxic units (TUs) using the following Eq. (1) (Manusadžianas et al. 2003) :
where TU is the toxic unit of leachate and EC 50 is the effective concentration estimated to immobilize 50 per cent of the daphnids.
Microtox assay
The toxicity of leachate from treated wood samples was also evaluated using a marine gram negative bacterium V. fischeri, which is normally found in fish in the waters of temperate and subtropical regions (Stabili et al. 2014) . In this study, this test was performed using V. fischeri to confirm the toxicity of heat-treated wood to the soil environment. V. fischeri is renowned for its bioluminescence, which produces light as a by-product of normal metabolism, and any inhibition of normal metabolism due to exposure to toxic substance would result in a decreased rate of luminescence. Light production is directly proportional to the metabolic activity of the bacterial population and any inhibition of enzymatic activity causes a corresponding decrease in bioluminescence (Doe et al. 2005; Parvez et al. 2006) . The V. fischeri assay is based on measurements of the decrease in the luminescence of the bacterium. The bacteria were conditioned at 15°C during the whole test and the luminescence is measured with a photometer. The Microtox leachate phase assay (MLPA) was conducted according to Perez et al. (2012) with slight modifications. The leachate was added with sediment dilution and 2 % NaCl and then filtered with the microtox assay column filter to eliminate the sediments in leachate samples prior to the ecotoxicity test. After filtration of the leachate, the V. fischeri was exposed to each filtrate for 20 min. Then, 0.5 mL of filtrate containing exposed bacteria was pipetted, and the light output produced from the bacteria was measured using Microtox analyzer (Model 500, SDI, United States) after 5 min. An amount of 2 % NaCl filtered with the microtox assay column filter served as control. After 15 min of exposure, the decrease in the luminescence of the bacterium was recorded. The derived concentration at which 50 % of the bacterium showed decrease in luminescence (EC 50 ) was calculated using the Trimmed Spearman-Karber method and presented in TUs described in Eq. 1.
Evaluation of ecotoxicity
Leachate samples collected after 1 and 14 days of leaching were tested by D. magna and V. fischeri ecotoxicity test. The leachate obtained after 1 day leaching was expected as the harshest leachate, and had high potential for environmental impact compared to that after 14 days leaching. Comparison of toxicity with time was made for all leachates of wood samples. Table 1 presents the toxicity of the leachate from heat-and preservative-treated woods obtained after 1 and 14 days leaching to D. magna. The lethal concentration is 2 TU (De Vetter et al. 2008 ). All of the heat-treated wood had no toxicity (TU below 2) regardless of wood species, though leachate from untreated Kapur after 1 day leaching had a TU of 3.4 for 24-h exposure and 5.5 for 48-h exposure, respectively. However, the leachate from untreated Kapur obtained after the 14-day leaching was no longer toxic to D. magna. Untreated Japanese larch showed no toxicity unlike untreated Kapur. This indicates that heat treatment could reduce the toxicity of Kapur. The most possible reason for this was due to the removal of extractives (phenolic content) from Kapur during heat treatment. The higher toxicity of untreated Kapur compared to the heattreated one might be due to the extractive composition (Peh et al. 1986 ). Most of the tropical hardwoods have high amount of extractives with antioxidant and toxic properties (De Vetter et al. 2008; Lande et al. 2004) . Further investigation regarding the toxic components in the extractive of Kapur is needed to comprehend the reduction of toxicity due to heat treatment. The second possible reason might be due to the reaction between degradation products by heat treatment and extractives that leads to immobilization of some of the extractives, thereby the reduction in their leachability. This finding was supported by De Vetter et al. (2008) , Lande et al. (2004) and Nuopponen et al. (2003) .
Results and discussion
As expected, much higher leaching of copper was noticed from ACQ than from CCA-treated blocks resulting in the most toxic leachates recorded for ACQ and CCA leachate after 1 day leaching with a TU of 123.5 and 116.3 for 24-h exposure and with a TU of 151.5 and 122.0 for 48-h exposure to D. magna (Table 1 ). This finding is in agreement with Stook et al. (2005) and Dubey et al. (2005) who suggested that the aquatic toxicity is correlated to the copper concentrations in leachate. ACQ leached more copper because copper released from ACQ-treated wood might be in a more bio-available form than copper in leachate from CCA (Tarakanadha et al. 2004 ). However, after 14-day leaching, copper is not remained in leachate from ACQ and CCA-treated wood. It is also possible that the presence of chromium and arsenic in CCA leachate may have led to metal-to-metal complexation at uptake sites and hence net lower levels of copper from CCAtreated wood (Albuquergue and Cragg 1995) . However, there was a rapid decline in toxicity of leachate from ACQand CCA-treated wood after 14 days leaching with a TU of 2.9 and 1.8, respectively. The finding confirmed the decrease in the leachable components over time and was in agreement with previous report on heat-treated spruce (De Vetter et al. 2008) . From this finding, it can be presumed that the ACQ and CCA-treated wood showed some toxic potential to the freshwater environment.
The toxicity of the leachate from heat-and preservativetreated woods obtained after 1 day and 14 days leaching to V. fischeri is tabulated in Table 2 . The leachate from untreated wood, heat-treated wood and ACQ-treated wood had no toxicity (TU below 2), whereas the leachate 3 from CCA-treated wood showed 2 TU. Similarly, Kim et al. (1998) discovered that there was some improvement in decay resistance of heat-treated wood, though less than that of CCA-impregnated wood. Generally, the toxic unit of the leachate evaluated using D. magna is higher than that evaluated using V. fischeri. This finding is similar to De Vetter et al. 2008 and Lande et al. 2004 (Table 3 ). This result indicates that detoxification assay using D. magna is more sensitive to the toxic components than Microtox assay using V. fischeri (Pilgard et al. 2010) . There are two possible reasons for this phenomenon; the degree of sensitivity of V. fischeri to the toxic elements depends more on the interaction of metals with the enzyme that affects the luminescence (Fulladosa et al. 2005) , while assessment of toxicity to D. magna is indicated by its immobility. Another possible reason is V. fischeri has a disadvantage because it is more pH-sensitive (Gellert 2000) . It was interesting to note that ACQ-treated wood was not toxic to the soil environment. Earlier, Fulladosa et al. (2004) have depicted that V. fischeri is sensitive to the arsenic.
Conclusion
The toxicity tests of the leachates from heat-treated Kapur and Japanese larch wood showed that all heat-treated wood samples had no toxicity. Heat treatment of Kapur can reduce the toxicity evaluated by D. magna by the immobilization of toxic compound that prevents these compounds from being leachable to the environment. In addition, heat-treated wood is much safer than CCA-and ACQ-treated wood under ecotoxicological aspects. The overall toxicological results obtained in this study indicate that the uses of heat-treated Kapur and Japanese larch wood is not harmful to aquatic and soil environment because potentially leachable compounds from heat-treated wood do not induce additional toxicity against D. magna and V. fischeri. These results reinforce the heat treatment of wood as an environmentally friendly process. In future, monitoring aquatic impacts of the use of heat-treated wood on actual water system where the heat-treated wood products have been in use would be a valuable study.
